Eighteen patients with right ventricular anomalous muscle bundles associated with ventricular septal defect and one patient with isolated anomalous muscle bundle were studied. The clinical differentiation of these patients from those with isolated ventricular septal defects or tetralogy of Fallot was difficult. Eleven patients were asymptomatic at the time of diagnosis; eight had various degrees of dyspnea on exertion, with three of these having cyanosis. A physiologically split second sound with a pulmonic component of normal intensity and a diffuse thrill and holosystolic murmur maximal at the lower left sternal border suggest the diagnosis. Chest X-rays and electrocardiograms usually show evidence of right ventricular hypertrophy, but may suggest left ventricular hypertrophy in the presence of a large left-to-right shunt. However, the diagnosis is best made by cardiac catheterization with measurement of a pressure gradient in the body of the right ventricle and by selective angiography with the demonstration of a wedge-shaped filling defect in the right ventricle. Progressive obstruction by the muscle bundle occurred in four of seven patients who had repeated catheterization associated with the development of electrocardiographic changes of right ventricular hypertrophy. To date, 11 patients have had surgery; one died before surgery; and surgery is being planned for the remaining patients.
SUMMARY
Eighteen patients with right ventricular anomalous muscle bundles associated with ventricular septal defect and one patient with isolated anomalous muscle bundle were studied. The clinical differentiation of these patients from those with isolated ventricular septal defects or tetralogy of Fallot was difficult. Eleven patients were asymptomatic at the time of diagnosis; eight had various degrees of dyspnea on exertion, with three of these having cyanosis. A physiologically split second sound with a pulmonic component of normal intensity and a diffuse thrill and holosystolic murmur maximal at the lower left sternal border suggest the diagnosis. Chest X-rays and electrocardiograms usually show evidence of right ventricular hypertrophy, but may suggest left ventricular hypertrophy in the presence of a large left-to-right shunt. However, the diagnosis is best made by cardiac catheterization with measurement of a pressure gradient in the body of the right ventricle and by selective angiography with the demonstration of a wedge-shaped filling defect in the right ventricle. Progressive obstruction by the muscle bundle occurred in four of seven patients who had repeated catheterization associated with the development of electrocardiographic changes of right ventricular hypertrophy. To date, 11 patients have had surgery; one died before surgery; and surgery is being planned for the remaining patients.
Additional Indexing Words: Congenital heart disease Natural history O BSTRUCTION of the right ventricle by an anomalous muscle bundle (RVAMB) is a rare congenital cardiac malformation that has been recognized and clearly described only within the last decade.1 2 The muscle bundle occurs below the infundibulum and traverses the right ventricular cavity, extending from its anterior wall to the crista supraventricularis and/or the portion of inter-ventricular septum just beneath the crista. Attachments to the chordae of the tricuspid valve or to the anterior papillary muscle are noted occasionally. Not infrequently, multiple small muscle bundles occur in place of the usual single RVAMB. The anomalous muscle bundle obstructs blood flow through the body of the right ventricle, producing a proximal high pressure inflow chamber and a distal low pressure chamber. Hence, the anomaly has also been termed double-chambered right ventricle.
The clinical recognition of an RVAMB is difficult, since a variety of other defects may be associated with this anomaly. Of the 42 cases reported, the most frequently associated congenital cardiac defects were ventricular septal defects in 22 cases and valvular Circulation, Volume XLIII, FORSTER, HUMPHRIES pulmonic stenosis in nine.'-9 Eight patients had no associated defects, and the remainder had a wide assortment of other anomalies. The variability of presentation is in part attributable to the multiplicity of associated lesions. However, the clinical findings are quite variable within the group of patients with anomalous muscle bundle and ventricular septal defect. The degree of right ventricular obstruction by the muscle bundle determines the clinical presentation, which may range from that of an isolated ventricular septal defect to that of cyanotic tetralogy of Fallot. Preoperative recognition of the RVAMB is essential if adequate surgical therapy is to be carried out. There have been reports of cases where the physician's failure to recognize and correct the RVAMB at the time of surgery resulted in death of the patient.2
Methods
In this report, we describe the clinical, electrocardiographic, X-ray, cardiac catheterization, and angiographic findings of 19 cases of RVAMB studied at The Johns Hopkins Hospital since 1962. The patients were selected by review of the cardiac catheterization, open heart surgery, and autopsy files. Because of the high association of ventricular septal defect, valvular pulmonic stenosis, and patent ductus arteriosus, cases with these primary diagnoses were also reviewed. Of some 1900 patients catheterized, 18 of 600 with ventricular septal defects and one without associated defects had RVAMB. One of these is the only one found in over 36,000 autopsies. These patients have been followed for an average of 11 years and, therefore, present a unique opportunity for observation of the natural history of this disorder. To date, 11 patients have undergone surgical correction. Their surgery, pathology, and follow-up findings will also be discussed.
Results
The clinical and laboratory data for these 19 patients are presented in table 1.
History and Symptoms
Family histories and maternal pregnancies were remarkable only for an unknown type of congenital heart defect in a maternal first cousin of R.M.
In all patients, the murmur had been noted by 6 months of age. The clinical impression before the diagnosis of RVAMB was: ventricular septal defect in nine patients, tetralogy of Fallot in eight, and pulmonic stenosis in one.
The median age at the time of correct diagnosis was 14 years, and ranged from 3 months to 37 years. Eleven patients were asymptomatic at the time of diagnosis. A prior history of dyspnea on exertion, frequent upper respiratory infections, or height and weight below the third percentile was found in seven. One of these had a history of congestive heart failure in infancy.
The remaining eight patients were all symptomatic to various degrees. One out of the four with mild dyspnea on exertion had had congestive heart failure in infancy. The other four had moderate to severe dyspnea on exertion. Three of these had various degrees of cyanosis; the fourth was an infant in congestive heart failure.
Two patients had complications of their congenital heart disease. G.D. had a brain abscess at age 12, and has since had a seizure disorder. M.D. had Streptococcus viridans endocarditis at age 24, but suffered no apparent valvular damage.
Physical Findings
The physical findings at the time RVAMB was diagnosed are detailed in table 1. All had prominent and diffuse thrills at the lower left sternal border (except the patient, D.H., with dextrocardia whose thrill was on the right). Four had right ventricular lifts. Most had a physiologically-split second sound with a pulmonic component of normal intensity. In 14 patients the murmur was described as holosystolic and in the remaining five, as ejection. Of five patients with apical diastolic murmurs, three had large left-to-right shunts through a ventricular septal defect.
Over the many years these patients were followed, symptoms and physical findings changed in only six. In G. At the time of diagnosis all patients had some abnormality evident on chest X-ray. The X-ray of the patient with isolated RVAMB (P.J.) was remarkable only for a right aortic arch. Of four patients with biventricular cardiomegaly, three had increased pulmonary vascularity ( fig. 1 ). One patient had left ventricular cardiomegaly. Of 13 with right ventricular enlargement, five had cardiac thoracic ratios greater than 0.50, with three of these having increased pulmonary vascularity.
Changes in the radiographic picture were noted in about half the patients during the years they were followed. M.D. had a normal chest film through age 5 years, but then developed right ventricular enlargement by age 7. Six patients (M.J.C., L.V., B.T., L.P., T.D., and R.C.) had increased pulmonary vascularity through early childhood, which diminished to normal or near normal by adolescence ( fig. 2 ). In addition, L.V. had mild cardiomegaly through age 6 years and a radiographically normal heart by age 20. , . . , . . , . , . , , . . . . . . . , . . , . , , . , , . . . . . . , . , . , . , , . . . . . . , . . . . . . . . . , , , . i . , . . . , , , . i , . , pressure gradient across the muscle bundle in three patients.
Cardiac Catheterization
In the 18 cases where it was measured, the peak-to-peak systolic gradient across the RVAMB ranged from 15 to 101 mm Hg, with a mean of 52 mm Hg. The mean main pulmonary artery systolic pressures was 25.6 mm Hg, and ranged from 14 to 45 mm Hg.
Of 18 patients with ventricular septal defects, a significant increase in oxygen saturation was found in the high pressure proximal chamber of 13. No significant increase was noted in the other five, whose defects were detected by angiography, hydrogen, or green dye curves.
The ratio of pulmonary to systemic blood flow was determined in 17 cases, and ranged from 0.6 to 3.8, with a mean of 1.9. G.D. was Figure 3 Electrocardiogram in a patient right ventricular pressure.
with high proximal
Electrocardiograms
Electrocardiograms were of three varieties. Evidence of right ventricular hypertrophy with prominent R waves in V3R and V, occurred in 13 patients, with eight of these having right axis deviation ( fig. 3 ). An additional four patients with evidence of right ventricular hypertrophy had increased R-wave voltage in the left lateral precordial leads as evidence of left ventricular hypertrophy ( fig.  4 ). Electrocardiograms of two remaining patients were remarkable only for this same evidence of left ventricular hypertrophy ( fig.  5 ). All patients with this increased voltage in the lateral precordium had large left-to-right shunts.
During the years these patients were followed, right ventricular hypertrophy developed in five patients who had had previously normal electrocardiograms. An additional two patients, who already had right ventricular hypertrophy, developed right axis deviation by adolescence. These changes were documented as being associated with an increased the only patient with a ratio less than 1, i.e., right-to-left shunt.
In seven patients who had pressures measured at two different catheterizations, the gradient across the muscle bundle increased in four and was unchanged or slightly decreased in three ( fig. 6 ). The average change in the rate of pressure, calculated with ages to the nearest month, ranged from 1.2 to 5.0 mm Hg/year, with a mean of 1.5 mm Hg/year. As previously mentioned, three of the increases were associated with the development of cardiographic changes of right ventricular hypertrophy. The fourth had these changes from the outset.
In 16 out of 18 patients who had angiography, the muscle bundle was demonstrated as a wedge-shaped filling defect in the right ventricular body. The muscle bundles were best demonstrated in the right anterior oblique or frontal projection (fig. 7) . The other two patients had mild to moderate subinfundibular stenosis demonstrated angiographically.
Great difficulty in guidance of the catheter Circulation, Volume XLIII, January 1971 through the right ventricle to the pulmonary artery was encountered in all patients. The right ventricular outflow tract was accidentally perforated by the catheter during manipulation for entry of the pulmonary artery of two patients. One developed tamponade, and died despite attempts at evacuation of the blood from the pericardium.
Surgery
To this date, 11 patients have had correction of their defects on cardiopulmonary bypass. A single muscle bundle was found in nine patients, and multiple bundles were found in two. The tricuspid leaflets or chordae were not noted to be involved in any patient, and in only one case was the muscle bundle attached to the anterior papillary muscle. Because the right ventricle opened up considerably when the muscle bundles were divided, only a minimal amount of resection was necessary in most cases. Two patients had a mild amount of infundibular resection for stenosis, but the remainder had normal infundibula. All pulmonary valves and arteries were normal. The aorta was overriding in one of the cases with infundibular stenosis.
In six patients the ventricular septal defect was found to be high, posterior, and under the septal cusp of the tricuspid valve. Defects in the other five patients were located in the membranous interventricular septum. Most defects were small, though eight required a synthetic patch. Ao. = aorta; RA = right atrium; RV = right ventricle; PA = pulmonary artery.
Surgical Pathology
Nine of the 11 patients had portions of their RVAMBs submitted to surgical pathology. All sections, including those from the one autopsied case, showed marked myocardial hypertrophy as well as considerable endocardial thickening and fibrosis. No evidence of either endocardial fibroelastosis or recent or old thrombus formation could be found as an explanation for the endocardial thickening. Minimal subendocardial degenerative changes were also noted.
Postoperative Follow-up
Other than some minimal postoperative atelectasis in G.W., the immediate postoperative courses were uncomplicated. However, three patients had the syndrome of febrile postoperative lymphocytosis and splenomegaly 1 to 2 months after surgery. In addition, one of these had serum hepatitis.
Eight patients are known to be completely asymptomatic, four of whom had been symptomatic to various degrees preoperatively. One still complains of easy fatigability but is otherwise without symptoms. The remaining two were asymptomatic before surgery, but have not yet returned for follow-up.
Five patients currently have grade I-III/VI systolic ejection murmurs in the pulmonic area. One has no murmur. Two with grade II-III/VI holosystolic murmurs at the left sternal border are suspected of having small residual ventricular septal defects. Only two patients (D.H. and M.R.) have been catheterized postoperatively; the preoperative right ventricular systolic pressure of 75 mm Hg had fallen to 30 mm Hg in one and from 50 mm Hg to 21 mm Hg in the other.
Of the 11 patients undergoing cardiac surgery, eight developed complete and one developed incomplete right bundle branch block. In two of the patients, the bundle branch block was transient and the ECG returned to a completely normal tracing ( fig.  8 ). Both had had ECG evidence of right ventricular hypertrophy before surgery. were first diagnosed at autopsy, all autopsy discoveries have been recent. The obstructive nature of the lesion is not easily appreciated when the right ventricle is opened. It is probable that the hemodynamic significance of the muscle bundles was not recognized at post mortem examination prior to the initial reports. Cardiac catheterization and angiography techniques have been the principal means for recognition of the functional impairment created by the anomalous muscle bundles.
Discussion
The etiology and embroyology of the RVAMB remains obscure. A possible etiology is failure of resorption of fetal trabeculations to the point nomnally seen in mammalian Circulation, Volume XLIII, January 1971 hearts. Another possibility was suggested by Grant et al., who reported findings on dissection in hearts with and without congenital heart disease.10 They proposed that hypertrophy of the oblique component of the bulbar musculature would result in an obstructive lesion below the infundibulum.
The patient with RVAMB must be distinguished from those patients with other congenital cardiac disorders causing a systolic murmur and thrill along the left sternal border: pulmonic stenosis, tetralogy of Fallot, isolated ventricular septal defect, and partial and complete transposition of the great vessels. The normal pulmonic component of the second sound helps distinguish the RVAMB from those lesions with pulmonic stenosis.
Coates et al. have noted the unusual electrocardiographic finding of prominent R waves over the right precordium without deep S waves over the left, and an insignificant R wave in lead AVR.3 They suggested that this finding resulted from localized hypertrophy of the high pressure proximal right ventricular chamber. Five of the 19 patients in our series had the same findings; however, eight patients with electrocardiographic evidence of right ventricular hypertrophy did not show this pattern.
The cardiac catheterization and angiocardiographic findings are quite distinctive. Difficulty in traversing the right ventricle with the catheter was encountered in most cases and may be the first clue that one is dealing with an RVAMB. In marked contrast to the usual experience with tetralogy of Fallot, rarely did the catheter pass into the aorta from the right ventricle.
Progressive obstruction of the right ventricle is suggested by several cases in which repeated cardiac catheterization was performed after an interval of several years. Hartmann et al. 5 reported three patients all under 4 years of age who had been studied at intervals of 132 to 2 years. All had associated ventricular septal defects; and on initial study, minimal or no evidence of right ventricular obstruction was found, although RVAMBs were seen on angiography. At the second study, all had significant gradients (range 24-60 mm Hg) across the muscle bundles. Perloff et al.8 reported a case associated with ventricular septal defect which had been followed as a cyanotic tetralogy of Fallot and shunted twice surgically. When autopsied at age 23 years, this patient was found to have an RVAMB completely partitioning the right ventricle. Of seven patients who had repeated catheterization in our series, the gradient was found to have increased in four and to have remained relatively stable in three. These data suggest a tendency toward progressive obstruction by the muscle bundles, presumably secondary to both muscle hypertrophy and endocardial fibrosis.
The development of RVAMBs and obstruction of the right ventricle in those cases with ventricular septal defects and left-to-right shunts may serve as a protective mechanism of the pulmonary vascular bed similar to the cases of acquired infundibular stenosis described by Gasul.1" Varghese et al. report that this protective reaction in the infundibulum often develops in patients with isolated ventricular septal defects and a right aortic arch.'2 Certainly in two of our patients, congestive heart failure in infancy, presumably caused by large left-to-right shunts, was resolved with the passage of time and was perhaps related to developing right ventricular obstruction. One of these patients (as well as five others) had increased pulmonary vascularity, seen on chest film, through early childhood and had normal vascularity by adolescence. The development or progression of obstruction seems likely in these cases.
Warden et al. 9 have pointed out two features that should alert the surgeon to the possibility of an RVAMB, if this diagnosis had not been established by preoperative studies. The first is the presence of a dimple on the ordinarily smooth anterior surface of the right ventricle. The second is that the RVAMB hides from view most of the tricuspid valve when viewed through a longitudinal ventriculotomy.
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